Introduction
The development of methods to selectively disrupt genes in mice by homologous recombination in embryonic stem (ES) cells provided a potent new tool for analysis of gene function in mammals that has been of immeasurable value to a wide range of research fields [1] . Because germ line-competent ES cells were most successfully derived from various sub-strains of the 129 mouse strain, the large majority of gene disruptions initially were made in this strain. Due to the poor breeding characteristics, neurological and neuroanatomical abnormalities, and high tumor incidence of 129 mice, gene targeted mice made using 129 ES cells typically were backcrossed to inbred reference strains, such as C57BL/6J. However, due to the low probability of meiotic crossover occurring close to the targeted gene, a large region of DNA is likely to remain of 129 origin, even in "congenic" mice backcrossed for 10 generations (p = 0.91 for more than 1 centiMorgan of 129-derived DNA flanking each side of the targeted gene) [2] . Importantly in this respect, a recent direct comparison of the 129 and C57BL/6J genome sequences uncovered that the two strains differ by no less than 1395 deletions, insertions or nucleotide substitutions in protein coding regions, which resulted in 188 lost or gained stop codons, 875 frame shift variants, and 332 splice donor or acceptor variants [2] . This finding led the authors of the above study to conclude that essentially all constitutively gene-targeted mouse strains generated using 129-derived ES cells carry "passenger mutations" that confound data interpretation [2] . Indeed, several examples of erroneous attribution of observed phenotypes in gene-targeted mice generated using 129-derived ES
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This article is protected by copyright. All rights reserved cells have emerged recently [2] [3] [4] . As regards extracellular proteases, the reported resistance of matrix metalloproteinase (MMP)-13-deficient mice and, most likely, MMP-7-deficient and MMP-8-deficient mice, to LPS-induced lethality was demonstrated not to be a consequence of the loss of the MMP. Rather, it was caused by a null mutation in the neighboring Casp11 gene, which is present in 129 mice, but not in C57BL/6J mice [2] . A second issue with many ES cell-generated gene disrupted mice relates to the use of homologous recombination to generate the null mutation. This strategy often involves the deletion of large segments of DNA within the targeted gene that could result in the deletion of cis-acting regulatory elements and microRNAs, while the insertion of a powerful neomycin selection cassette could similarly modulate the expression of genes flanking the targeted locus.
Tissue plasminogen activator (tPA) is a fibrinolytic serine protease [5] that is widely expressed in the brain [6] [7] [8] [9] [10] where it is involved in a diverse array of physiological and pathophysiological processes unrelated to fibrinolysis that were identified in large part through the analysis of tPA-deficient mice [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
During a transcriptomic profiling of genes differentially expressed in the brains of tPAdeficient mice extensively backcrossed to the C57BL/6J strain, we noted a highly significant overrepresentation of differentially expressed genes clustering around the Plat gene, encoding tPA, on chromosome 8. A similar anomalous clustering of differentially expressed genes was observed when we analyzed a second colony of tPA-deficient mice independently highly backcrossed to the C57BL/6J strain. Single nucleotide polymorphism (SNP) analysis provided evidence that at least 22 Mbp of DNA flanking Plat remained of 129 origin in each C57BL/6J-Plat -/-Using zinc finger nuclease (Zfn) technology, we engineered a null mutation in the Plat gene of C57BL/6J and FVB/N mice. We demonstrate that isogenic C57BL/6J-Plat strain. Furthermore, bioinformatic analysis identified several mutations, including potential null mutations, in protein coding genes located on this chromosomal segment.
-/mice, free of 129 DNA, do not show anomalous clustering of differentially expressed genes in proximity to the targeted Plat gene. These novel isogenic Plat -/mouse strains constitute a valuable community resource for further exploration of tPA functions in the brain and other tissues.
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Materials and Methods

Mice
Mice were housed in standard barrier facilities under approved protocols.
Expression array analysis
12 to 14 week-old male "Melbourne" C57BL/6J-Plat -/and age-matched C57BL/6J mice (Jackson Laboratory) were transcardially transfused with ice-cold PBS (8 per genotype).
The hippocampus was dissected out and placed in "RNA later". RNA was extracted using the "RNeasy Lipid Tissue" kit (Qiagen) according to manufacturer's instructions. RNA 
RNAseq
Six-week-old "Michigan" C57BL/6J-Plat -/and "Bethesda" C57BL/6J-Plat -/littermates (four mice per genotype), and age-matched wildtype C57BL/6J control mice (four mice per genotype) were euthanized by CO 2 inhalation. The brains were dissected out, the olfactory bulb and cerebellum removed, and the brains snap frozen in liquid nitrogen.
cDNA library preparation and Illumina high throughput sequencing was performed by
The University of Michigan's DNA Sequencing Core. Bioinformatic analysis of these data was conducted by the University of Michigan Bioinformatics Core. All data from these studies has been deposited in the Gene Expression Omnibus (GEO) database with accession number, GSE76093. Genes were considered differentially expressed if presenting with an adjusted p value (q-value) of 0.05001 or less and fold-difference in
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This article is protected by copyright. All rights reserved expression of more than 0.3. Genes located on the Y chromosome were excluded from the analysis because the analyzed mice included both males and females.
SNP analysis
Low-density SNP analysis of the entire mouse genome was performed by the Jackson table S2 ). 
Generation of Plat-/-mice using Zfns
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Plasminogen-casein zymography
Plasminogen-casein zymography was performed as described [26] . Lysis zones were visualized by staining of gels with Coomassie brilliant blue.
tPA activity assay
Active tPA was determined using a commercial sandwich tPA capture ELISA kit (Molecular Innovations, NTBIOCPAI) as recommended by the manufacturer.
Statistical analysis
Distribution of differentially expressed genes over all chromosomes: We used a chisquare statistic with a reference distribution calculated using simulation (since many of the expected hit counts are very small). Specifically, the expected number of "hits" per chromosome, assuming uniform distribution, was calculated and compared to the observed number of hits per chromosome. This comparison utilized a chi-square statistic (but not a chi-square reference distribution). To obtain a reference distribution we generated Poisson counts from 100,000 randomizations with mean values equal to the expected number of hits per chromosome under uniformity, accounting for the differing lengths of the chromosomes.
Positions of differentially expressed genes on chromosome 8: To assess the probability of the observed hits on chromosome 8 being random, we divided the chromosome into 1
Mbp intervals and counted the number of hits per interval. We then used a chi-square statistic to compare this distribution of hit positions to what would be expected under a uniform distribution in which the hits were equally likely to occur at any point along chromosome 8. The reference distribution was calculated using simulation, using a uniform distribution to define random positions for hits along the length of chromosome 8.
Bioinformatic analysis
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This article is protected by copyright. All rights reserved Bioinformatic analysis of "passenger mutations" co-segregating with the targeted Plat allele were identified using the Sanger "Mouse Genomes Project--Query SNPs, indels or SVs" website (http://www.sanger.ac.uk/sanger/Mouse_SnpViewer/rel-1505) [27, 28] .
Results
Transcriptomic profiling of brains of two independently generated strains of congenic 
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This article is protected by copyright. All rights reserved from Jackson Laboratories were subjected to transcriptomic profiling by RNAseq. We again observed an abnormally high frequency of differentially expressed genes (8 of 32, 25%) located on chromosome 8 (P<0.003) ( Table 2) C430010P07Rik: 66719248-66817562. Mtap2: 66175273-66442583). Based on these findings, we next performed a high-density SNP analysis of chromosome 8, employing 34 SNPs, polymorphic between C57BL/6J and 129 ( Fig. 2A and B and Supporting table   S2 ). In Michigan C57BL/6J-Plat -/mice, a continuous cluster of 7 SNPs analyzed, located 19-0.3 Mbp upstream of Plat were identified as being 129-specific ( Fig. 2A) . The identical cluster of 129-derived SNPs were found in Melbourne C57BL/6J-Plat -/mice, which also displayed two additional 129 SNPs located just downstream of Plat (Fig. 2B) .
Notably, the chromosomal segments identified in the SNP analysis as being 129-derived in the two mouse strains harbored most of the genes differentially expressed on
This article is protected by copyright. All rights reserved chromosome 8 of the Michigan C57BL/6J-Plat -/mice and all of the identified genes differentially expressed in the Melbourne C57BL/6J-Plat -/mice ( Fig. 2A and B , and Supporting table S1 ). 
Bioinformatic analysis identifies multiple passenger mutations in congenic C57BL
C57BL/6J-Plat -/-
We next used custom-designed zinc finger nucleases (Zfns) to generate tPA-deficient mice de novo. A Zfn was engineered to introduce mutations into the signal peptideencoding exon 2 of Plat (Fig. 3) . mRNA encoding the Zfn was microinjected into fertilized C57BL/6J and FVB/NJ embryos that were implanted into pseudo-pregnant females. Analysis of born offspring identified a number of mice with mutations in exon 2 of Plat. This included C57BL/6J and FVB/NJ offspring with an identical 11 bp deletion in signal peptide-coding exon 2, which were selected for further analysis. This deletion removes nucleotides 52-62 of the Plat open reading frame and introduces a frameshift mutation after Pro17 of the tPA signal peptide and a premature stop signal (Fig. 3A) . This
mice, generated by zinc finger nuclease targeting of C57BL/6J mice, do not show anomalous clustering of differentially expressed genes around Plat
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Western blot (Fig. 3C) , and tPA activity assays (Fig. 3D ) of brain tissue from mice bred to homozygosity for the targeted allele and their wildtype littermates. These novel mouse strains hereafter are termed, respectively, Bethesda C57BL/6J-Plat -/and Bethesda FVB/NJ-Plat -/-. As expected, low density SNP analysis of Bethesda C57BL/6J-Plat -/mice showed all SNPs to be C57BL/6J-derived (Supporting table S1). High density SNP analysis of chromosome 8 of Bethesda C57BL/6J-Plat -/-We next set out to provide direct experimental evidence that the differential expression of Fig. 1C and Table 3 ). In sharp contrast, when the identical RNAseq analysis was performed comparing brains from Bethesda C57BL/6J-Plat -/mice with their wildtype littermates, no overrepresentation of differentially expressed genes on chromosome 8 was found, with only 2 of 37 differentially expressed genes (5%) residing on chromosome 8
(P=N.S.), located, respectively, 50 and 61 Mbp from Plat (Fig. 1D and Table 4 ) (P=N.S.).
Discussion
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This current study provides evidence that tPA-deficient mice highly backcrossed to C57BL/6J display differences in gene expression in the brain that are not related to the absence of tPA, but rather to way the Plat gene was targeted. Two colonies of highly backcrossed of C57BL/6J-Plat -/mice, made by targeting Plat 129-derived ES cells, showed the same anomalous clustering of differentially expressed genes in the vicinity of Furthermore, an isogenic C57BL/6J-Plat -/mouse strain, generated in this study by Zfnmediated genome editing in C57BL/6J mice, did not show this anomalous clustering of differentially expressed genes. High-density SNP analysis showed that both Melbourne and Michigan C57BL/6J-Plat -/mice contained a surprisingly large contiguous 129derived chromosomal segment, and we provide direct experimental evidence that the presence of this chromosomal segment is responsible for the anomalous clustering of differentially expressed genes in C57BL/6J-Plat -/mice. Importantly, the 129-derived chromosomal segment that co-segregates with the targeted Plat allele displayed a number of differences in coding regions, when compared to the corresponding chromosomal segment of C57BL/6J mice, with at least four protein-coding genes potentially being null in the 129 mice and wildtype in C57BL/6J mice or vice versa, and eight additional genes displaying non-conservative amino acid substitutions. Notably, some of these genes have reported roles in human brain function: ARHGEF18 is involved in neurite retraction [30] and was linked in a genome-wide association study to sexual dysfunction in individuals treated for major depression [31] . MCF2L participates in the formation and stabilization of glutaminergic synapses of cortical neurons [32] , and SNPs in MCF2L and TUBGCP3
were identified as predictive for successful smoking cessation [33] . Homozygosity for mutations in MCPH1 causes microcephaly [34] , while homozygous loss of ADAM3A is associated with pediatric high-grade glioma and diffuse intrinsic pontine gliomas [35] .
It should be noted that the 129-derived co-segregating chromosomal segments identified in the congenic C57BL/6J-Plat -/mouse strains have the potential to confound data interpretation irrespectively of whether the wildtype mice used as controls are littermatederived or age-and sex-matched C57BL/6J mice. Our study, thus, highlights the importance of reconstitution experiments in non-isogenic mice, where a wildtype phenotype can be restored via the introduction of exogenous tPA into tPA-deficient mice
[11], or where tPA-overexpressing mice exhibit an opposite phenotype of that of tPAdeficient mice [36] . Similarly, with regards to plasmin-dependent functions of tPA, one can eliminate the confounding effects of co-inherited passenger mutations when tPAdeficient and plasminogen-deficient mice exhibit similar phenotypes [37] . It is important to stress, however, that the present study provides no evidence, directly or indirectly, that any of the published phenotypes in tPA-deficient mice is caused by 129-derived passenger mutations co-inherited with the targeted Plat allele. Nonetheless, it is also clear from the data presented in the current study that caution must be exerted when interpreting phenotypes observed in C57BL/6J-Plat -/mice. Related to this, it is interesting to note that this region of chromosome 8, which is syntenic with human chromosome 8, has been suggested to be a potential hub for genes associated with neuropsychiatric disorders and with cancer [38] . Undoubtedly, the C57BL/6J-Plat -/and FVB/NJ-Plat -/-It should also be stressed that in conditionally-targeted strains, the potential of passenger mutations to confound data interpretation can largely be eliminated by the use of appropriate littermate controls, including Cre-negative littermates that carry two conditionally targeted alleles and, therefore, are expected to carry the same set of passenger mutations near the gene of interest [2] . mice generated here should provide two novel mouse strains of use for the research community for further exploration of tPA function that are free of co-inherited passenger mutations inevitable when using 129-derived ES cells. Nevertheless, the Zfn technology used to generate the two mouse strains is relatively new, and the degree to which "off-targeting" of the germ line occurs is not fully investigated [39, 40] . Potential off-target mutations in the two novel mouse strains, however, would only constitute a potential long-term problem if located in proximity to Plat.
This article is protected by copyright. All rights reserved The plasminogen activation system was among the first proteolytic systems to be analyzed by gene targeting in mice. Consequently, targeting of genes encoding most components of the system was done using 129-derived ES cells. This includes, besides
Plat, Plau [29] , Plaur [41, 42] , Plg [43, 44] , Serpine1 [45] , SerpinF2 [46] , and Annat2 [47] .
In light of the speed, efficiency, and low cost of current genome editing technologies, the regeneration of isogenic strains carrying null mutations in these genes should be considered. 
Addendum
Figure legends
